Quantitative analysis of the late Cenozoic planktonic foraminiferal record from western Arabian Sea Site 722 revealed long term trends in the history of oceanography and climate. The modern western Arabian Sea surface waters are highly influenced by the monsoonal wind system. Summer upwelling, a result of southwestern winds, occurs along the coast of Somalia which produces distinct foraminiferal assemblages which are dominated by G. bulloides d'Orbigny. Consequently, variations in the distribution record of G. bulloides through time monitor the upwelling history associated with monsoonal activities. G. bulloides was a minor constituent of the foraminiferal fauna from the bottom of the hole (-14.5 Ma) until about 8.6 Ma ago. Then a rapid shift occurred toward higher values, up to 53% at 7.4 Ma. We interpret this rapid increase as a major step in the evolution of the monsoonal history. It is either the establishment of the system or at least a strong intensification of the monsoonal winds. At 5.5 Ma a significant drop of the G. bulloides relative abundance occurred which may indicate less upwelling, or alternatively other biota may have been favored in this period. From 5.0 Ma to Recent the G. bulloides record indicates that upwelling has occurred with minor fluctuations.
INTRODUCTION
The main objectives for drilling the western Arabian Sea sediments ( Fig. 1) were: (1) to document the onset of high productivity as a result of upwelling related to the establishment of the monsoonal wind system and (2) to obtain a Neogene record of monsoonal environmental variability reflected in the associated sediments (Shipboard Scientific Party, 1989a) .
The Indian Ocean monsoonal winds produce important oceanic features in the western Arabian Sea, especially during the summer. During this period strong southwesterly winds originate in the Southern Hemisphere and are driven by the gradient between the low pressure cell above the Tibetan Plateau and the Himalayas and the high pressure of the southern Indian Ocean. These winds force upwelling of colder deeper waters along the coasts of Oman and Somalia (for an overview, see Shipboard Scientific Party, 1989a, and references cited therein).
The upwelled waters are colder and richer in nutrients as compared with "normal" tropical surface waters. The increased nutrient levels sustain distinct floral and faunal groups. An important faunal component in this high productivity area is the planktonic foraminiferal group. Arabian Sea extant planktonic foraminifers show a strong response to the upwelling waters in their absolute numbers and species composition (Be and Hutson, 1977; Kroon, 1988; Kleyne et al., 1988; Auras et al., 1989) . The modern assemblage associated with upwelling is dominated by Globigerina bulloides d'Orbigny and Neogloboquadrina dutertrei (d'Orbigny) (Auras et al., 1989) . Prell and Curry (1981) studied the horizontal distribution of planktonic foraminifers in "modern" Arabian Sea core top samples and showed that the relative abundance of G. bulloides is highly negatively correlated with summer sea surface temperatures. G. bulloides appeared to be a key species in recording the late Pleistocene upwelling history along the coast of Oman (Prell, 1984) . To assess the date of onset of the monsoonal related upwelling and possible late Neogene long term variations in the system, we have counted the relative abundances of the foraminifers in Site 722, which is situated on the Owen Ridge (Fig. 1) . Our hypothesis is that variations in relative abundance of G. bulloides will be a reflection of changes in the physical, chemical, and biological oceanography of the area.
METHODS
The upper part of Hole 722A (0-272.55 mbsf) and lower part of Hole 722B (272.55-391.80 mbsf) were sampled every second and fourth section at 65-67 cm into the core. Additionally, core catcher samples were taken. To extract the foraminifers the samples were washed over a 60 µm sieve, and the residues were dried at 50°C. The foraminiferal residues were sieved over a 125 µm sieve, and large samples were split into suitable ali-quots of at least 200 specimens. Table 1 is a list of the foraminiferal species which were present. Table 2 shows the relative abundances of those species which are marked with an asterisk in Table 1.
We converted the depth scale into time by using the ages from the magnetic polarity stratigraphy for the upper part of the hole and biostratigraphy for the lower part as defined by the Shipboard Scientific Party (1989b). The ages for paleomagnetic reversals and biostratigraphic datum levels were in general taken from Berggren et al. (1985) .
The absolute age assignment of the first occurrence Neogloboquadrina acostaensis (Blow) is contentious. Berggren et al. (1985) list this event at 10.4 Ma which does not correspond to the western Arabian Sea radiolarian and calcareous nannofossil datum levels. Barron et al. (1985) reported the first occurrence of this species at 8.6 Ma in the equatorial Pacific which is consistent with the datum planes of the other microfossil groups in the western Arabian Sea. Table 3 lists the ages which were used to calculate absolute age assignments of the individual samples by interpolation.
We do not know to what extent dissolution has affected the foraminiferal shells and the relative abundances of species, but we believe that some original signal of surface layer conditions is present.
RESULTS
To reveal the initiation of upwelling and possible long term trends in the upwelling variations, the relative distribution patterns of individual planktonic foraminiferal species are plotted in Figure 2 .
From 14 Ma to 10.8 Ma (middle Miocene to early late Miocene) the foraminiferal fauna was highly dominated by Globorotalia mayeri Cushman and Ellisor (Fig. 2E) and from 10.8 to 8.5 Ma Globigerinita glutinata (Egger) was predominant, associated mainly with G. trilobus.
The oldest signal of high productivity, revealed by G. bulloides, occurred approximately 8.5 Ma ago in the early late Miocene ( Fig. 2A) . A sharp increase of its relative abundance marks the onset, or at least a strong intensification of monsoonal activities through upwelling, during this time. Contemporaneously, the relative abundance of G. trilobus (Reuss), a species which dominates non-fertile, non-upwelling surface waters (Be and Hutson, 1977) , started to decrease (Fig. 2K) . Also, the first appearance of N. acostaensis occurred at this time (Fig. 2F ). This species is the first representative of the neogloboquadrinid lineage whose end member, Neogloboquadrina dutertrei, is a sig- Table 2 . References of the recorded planktonic foraminifers. The relative abundances of those species marked with an asterisk are plotted in Table 3 . nificant component of the planktonic foraminiferal group in the modern Arabian Sea upwelling area (Be and Hutson, 1977; Kroon, 1988) . Around 5.5 Ma the relative abundance of G. bulloides ( Fig. 2A) suddenly dropped almost to nothing, and G. glutinata shows the reverse with a sharp increase to 50% (Fig.  2B) . By 5.0 Ma the assemblage again was dominated by G. bulloides. N. acostaensis displays a similar decline in abundance at 5.5 Ma but differs in that its frequency was not reestablished. The highest G. bulloides abundance is about 4.0 Ma ( Fig. 2A ) and is associated with Neogloboquadrina nigriniae (Fleisher) (Fig. 2G) . From 3.4 to 2.8 Ma it was difficult to separate G. bulloides from G. glutinata (period marked by a question mark in Figs. 2A and B) because the specimens were badly preserved which made identification impossible. From 2.8 Ma to Recent, the G. bulloides record fluctuates rapidly ( Fig. 2A) , and Neogloboquadrina pachyderma (Ehrenberg) and Neogloboquadrina dutertrei (d'Orbigny) increased their relative abundances.
DISCUSSION
The Neogene planktonic foraminiferal biogeography of the Indian Ocean has been studied by Wright and Thunell (1988) by using core material from 15 DSDP sites. Their quantitative analysis of foraminiferal abundances in successive portions of time shows the development of different biogeographic provinces mainly as a response to global climate changes since the middle and late Miocene. Enhanced north-south provincialization occurred during that time which in turn reflects the environmental conditions of the individual foraminiferal species.
G. bulloides and its ancestor G. praebulloides were mainly present in the transitional and subpolar provinces which indicates that these species had a strong preference for colder, nutrient-rich waters, in fact very similar to the present day distribution of G. bulloides (Be and Hutson, 1977) . This implies that G. bulloides did not change its ecological preference through time. Therefore the presence of G. bulloides or merely an increase in its relative abundance in the middle or late Miocene western Arabian Sea sediments points to upwelling of colder, nutrientrich deeper waters like the present day as a response to the establishment of the monsoon or a strengthening of the system, if it already existed. Wright and Thunell (1988) included Gulf of Aden Site 231 in their study. They reported G. bulloides percentages up to 1% in the early Miocene, 7% in the middle Miocene, 10% in the early Pliocene, and only 3% in the late Pliocene. They concluded from these G. bulloides frequencies that the existence of a monsoonal system was not very much evidenced and rather uncertain. The western Arabian Sea G. bulloides relative abundance record of Site 722, however, shows a significant increase around 8.5 Ma ago with a noted maximum amplitude of almost 53% at 7.4 Ma (Fig. 3) , which must have been an effect of upwelling waters in the area. The surface waters of the Gulf of Aden apparently have suffered different oceanographic conditions compared to the western Arabian Sea. From the Site 722 foraminiferal record it appears that a major ecological change took place at about 8.5 Ma, assuming that our age model is right; we attribute this to a main event in the monsoonal system. Either it represents the initiation of winds blowing in a south-north direction rather than in an west-east direction forcing upwelling during the summer or it represents a significant intensification of already established monsoonal winds. Quade et al. (1989) studied the isotopic composition of carbonate derived from a north Pakistan paleosol record over the past 18 Ma. This record reflects the vegetation cover in an area which is nowadays very much influenced by the monsoon with a strong seasonal rainfall distribution. They found a large shift at 7.4 Ma which was explained by a dramatic change in the vegetation cover from forests to grasslands which they relate to a major climatic change, probably associated with the inception of the monsoon. The fact that this change was dated approximately 1 m.y. younger than the G. bulloides record may either reflect a delayed response of the vegetation cover compared to the intensification of upwelling or dating problems. Rahman and Roth (1990) provided a reconstruction of the northwestern Indian Ocean oceanography on the basis of variations in the relative abundances of certain calcareous nannofossils. Their material was derived from Gulf of Aden sites and they found that a colder interval started at 10.7 Ma. This is not consistent with the G. bulloides record. Subtle changes of the environment and different responses of the biota may explain this discrepancy. Whitmarsh et al. (1974) reported a silica increase in the late middle Miocene at Sites 223 and 224 which they attributed to increased fertility. A similar increase in biogenic opal was found in Site 722 at 11.5-12.0 Ma (Shipboard Scientific Party, 1989b) , 2 Ma prior to the large shift in the G. bulloides record. However, the radiolarians and diatoms are of a tropical origin rather than indicative of upwelling (Shipboard Scientific Party, 1989b) .
Unfortunately, our sample density was not high enough to draw thorough conclusions about the upwelling variations since 8.5 Ma. To get a better insight in the fluctuations we have plotted in Figure 3 both the G. bulloides and the Globigerinoides sp. record. The latter is a summation of all Globigerinoides species. Modern Globigerinoides species have a prevalence for subtropical-tropical surface waters with an oligotrophic character (Be and Hutson, 1977) . Intervals with high frequencies of Globigerinoides sp. reflect periods during which the surface waters were not nourished by upwelling. For the most part the curves are antithetic which documents the periods with major and less upwelling.
We conclude that the western Arabian Sea planktonic foraminiferal record contains the history of monsoonal upwelling. A major event occurred at 8.5 Ma which probably documents the initiation of the system. Since that time upwelling has been present according to the G. bulloides record with the exception of a short period centered at 5.5 Ma. However, the sample density was low and does not allow us to draw too many conclusions, and other groups of biota may have been in competition with the foraminifers during the various upwelling periods. According to the planktonic foraminifers, upwelling started 8.5 Ma ago with a major decrease at 5.5 Ma. This drop could represent a diminution of upwelling or alternatively other planktonic-biota like diatoms or radiolaria were dominant, possibly due to subtle changes in the chemistry of the upwelling waters. From about 5 Ma to Recent, upwelling must have been present with minor fluctuations.
